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 Introduction to Boiling and Condensation

 Boiling Modes and Boiling Curves

 Pool Boiling Correlations

Learning Objectives:
 Understand the fundamentals of boiling

 Calculate heat transfer in pool boiling



Introduction to Boiling and Condensation
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Boiling: heat transfer from the wall to the fluid Condensation: heat transfer from the fluid to the wall

Small solid/fluid ΔT 

Phase Transition = Isothermal Process

Latent heat (ℎ𝑓𝑓𝑓𝑓) is exchanged between solid and fluid• Surface tension σ at the liquid-vapor interface

• Density difference (buoyancy) between liquid/vapor phases

Fluid motion controlled by:



Introduction to Boiling
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Fluid Dynamics Heat Transfer

Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

∆𝑇𝑇𝑒𝑒 excess temperature𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒

Pool boiling
the liquid is initially quiescent and only free convection occurs

Forced boiling
the fluid is moving while it boils (e.g. inside a pipe)

Saturated Boiling
𝑇𝑇𝑠𝑠 > 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubble must rise

Subcooled Boiling
𝑇𝑇𝑠𝑠 < 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubbles can re-condense in the liquid 



Saturated Pool Boiling
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Boiling curve of water at 1 atm

C->E : boiling crisis - past the critical heat 
flux a film of vapor rapidly replaces isolated 
bubbles. The thermal conductivity of the 
vapor film is much less than that of the liquid 
and the surface temperature suddenly 
increases to much higher values 

This can cause the failure of the component. 
Hence, when designing a heat exchanger 
we must be sure not to surpass the critical 
heat flux condition. 

Nucleate boiling with jets

Film boiling

The solid curve is followed when we 
control ∆𝑇𝑇𝑒𝑒. However in most 
applications we control 𝑞𝑞𝑠𝑠" . In such a 
case (as in the previous experiment) we 
observe:

𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒



Nucleate Pool Boiling Correlations
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Film Pool Boiling
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𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶
𝑔𝑔𝜌𝜌𝑣𝑣(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)ℎ𝑓𝑓𝑓𝑓′ 𝐷𝐷3

𝜇𝜇𝑣𝑣𝑘𝑘𝑣𝑣(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)

1/4

Where ℎ𝑓𝑓𝑓𝑓′ = ℎ𝑓𝑓𝑓𝑓 + 0.8𝑐𝑐𝑝𝑝.𝑣𝑣(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)

𝐶𝐶 = 0.62 for horizontal cylinders

𝐶𝐶 = 0.67 for spheres

With properties estimated at  𝑇𝑇𝑓𝑓 = (𝑇𝑇𝑠𝑠+𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)
2

If 𝑇𝑇𝑠𝑠 > 300𝐶𝐶 , radiation is also present. We estimate the total convection coefficient as:

�ℎ = ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +
3
4
ℎ𝑟𝑟𝑟𝑟𝑟𝑟

where ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 has to be estimated with the previous correlation and ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = ⁄[𝜀𝜀𝜀𝜀 𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠4 ] (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)



This Lecture
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 Forced Convection Boiling 

 External

 Internal

Learning Objectives:
 Calculate heat flux and convection coefficient in forced convection boiling



Introduction to Boiling
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Fluid Dynamics Heat Transfer

Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

∆𝑇𝑇𝑒𝑒 excess temperature𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒

Pool boiling
the liquid is initially quiescent and only free convection occurs

Forced boiling
the fluid is moving while it boils (e.g. inside a pipe)

Saturated Boiling
𝑇𝑇𝑠𝑠 > 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubble must rise

Subcooled Boiling
𝑇𝑇𝑠𝑠 < 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubbles can re-condense in the liquid 



Forced Convection Boiling
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Buoyancy + Forced Convection

 External Flow 

 Internal Flow (two-phase flow)



Forced Convection Boiling: External Flow (heat flux)
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Cylinder

D
V Low Velocity, i.e. 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

"

𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝑉𝑉
> 0.275

𝜋𝜋
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

1/2
+ 1 :

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚"

𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝑉𝑉
=

1
𝜋𝜋 1 +

4
𝑊𝑊𝑊𝑊𝐷𝐷

1/3

High Velocity, i.e. 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
"

𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝑉𝑉
< 0.275

𝜋𝜋
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

1/2
+ 1 :

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚"

𝜌𝜌𝑣𝑣ℎ𝑓𝑓𝑓𝑓𝑉𝑉
=

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

3/4

169𝜋𝜋 +

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

1/2

19.2𝜋𝜋𝑊𝑊𝑊𝑊𝐷𝐷1/3

Where 𝑊𝑊𝑊𝑊𝐷𝐷 = 𝜌𝜌𝑣𝑣𝑉𝑉2𝐷𝐷
𝜎𝜎

𝑉𝑉 = fluid velocity

Use both correlations to calculate 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚" , then verify the validity conditions and 
keep the one that is true.  
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 Forced Convection Boiling 

 External

 Internal

Learning Objectives:
 Calculate heat flux and convection coefficient in forced convection boiling



Forced Convection Boiling: Internal Flow
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Heat transfer coefficient almost independent of the heat 
flux but depends on the velocity and quality factor

Vapor quality: X = ⁄𝑚̇𝑚𝑣𝑣 ̇𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡

G = ̇𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡



Forced Convection Boiling: Internal Flow
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Single-phase internal-flow 
convection correlation

Strong radial T gradients: 
bubbles nucleate at the 
wall and saturated liquid 
flows in the core

Subcooled liquid



Forced Convection Boiling: Internal Flow
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The core of the liquid reaches 
saturation temperature and 
bubbles can be present at any 
radial position within the tube:
→ time-averaged mass-fraction 
of vapor X > 0 at any r 
Mean vapor mass fraction:

→ mean fluid velocity um increases 
with x

Saturated liquid



Forced Convection Boiling: Internal Flow
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In the annular flow the liquid 
moves along the walls while the 
vapor moves at much higher 
velocity within the core. 

Saturated liquid



Forced Convection Boiling: Internal Flow
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After a transition zone where 
the annular films breaks up, 
eventually the entire surface of 
the tube is dry. 

At the end the vapor is 
superheated, there are no 
droplets and a single-phase 
forced-convection with vapor is 
established



Forced Convection Boiling: Internal Flow
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Very rapid increase

Continuous increase

Very rapid decrease

Single-phase h (liquid)

Single-phase h (vapor)



Forced Convection Boiling: Internal Flow
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Saturated flow boiling in smooth circular tubes



Forced Convection Boiling: Internal Flow
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Saturated flow boiling in smooth circular tubes: use the largest h between

ℎ
ℎ𝑠𝑠𝑠𝑠

= 0.6683
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

0.1
�𝑋𝑋0.16 1 − �𝑋𝑋 0.64𝑓𝑓 𝐹𝐹𝐹𝐹 + 1058

𝑞𝑞𝑠𝑠"

𝑚̇𝑚"ℎ𝑓𝑓𝑓𝑓

0.7

1 − �𝑋𝑋 0.8𝐺𝐺𝑠𝑠,𝑓𝑓

ℎ
ℎ𝑠𝑠𝑠𝑠

= 1.136
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

0.45
�𝑋𝑋0.72 1 − �𝑋𝑋 0.08𝑓𝑓 𝐹𝐹𝐹𝐹 + 667.2

𝑞𝑞𝑠𝑠"

𝑚̇𝑚"ℎ𝑓𝑓𝑓𝑓

0.7

1 − �𝑋𝑋 0.8𝐺𝐺𝑠𝑠,𝑓𝑓

Where �𝑋𝑋(𝑥𝑥) = 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 = �𝑞𝑞𝑠𝑠"𝜋𝜋𝜋𝜋𝜋𝜋 (𝑚̇𝑚 ℎ𝑓𝑓𝑓𝑓)

𝑚̇𝑚" = ⁄𝑚̇𝑚 𝐴𝐴𝑐𝑐

ℎ𝑠𝑠𝑠𝑠 =  single-phase convection coefficient calculated with the right correlation for internal forced convection 
assuming all the mass is flowing in the liquid form. Use the saturation temperature as reference. 

𝐹𝐹𝐹𝐹 = ⁄𝑚̇𝑚" 𝜌𝜌𝑙𝑙
2

𝑔𝑔𝑔𝑔

Vertical 
tubes

Horizontal tubes 
Fr>0.04

Horizontal tubes 
Fr<0.04

𝑓𝑓 𝐹𝐹𝐹𝐹 1 1 𝑓𝑓 𝐹𝐹𝐹𝐹 = 2.63𝐹𝐹𝐹𝐹0.3



Forced Convection Boiling: Internal Flow (Example)
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Forced Convection Boiling: Internal Flow (Example)
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ℎ
ℎ𝑠𝑠𝑠𝑠

= 0.6683
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

0.1
�𝑋𝑋0.16 1 − �𝑋𝑋 0.64 + 1058

𝑞𝑞𝑠𝑠"

𝑚̇𝑚"ℎ𝑓𝑓𝑓𝑓

0.7

1 − �𝑋𝑋 0.8 = 3.8

ℎ
ℎ𝑠𝑠𝑠𝑠

= 1.136
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

0.45
�𝑋𝑋0.72 1 − �𝑋𝑋 0.08 + 667.2

𝑞𝑞𝑠𝑠"

𝑚̇𝑚"ℎ𝑓𝑓𝑓𝑓

0.7

1 − �𝑋𝑋 0.8 = 4.7

𝑚̇𝑚" = ⁄𝑚̇𝑚 𝐴𝐴𝑐𝑐 =
0.6

0.001964
= 305.6𝑘𝑘𝑘𝑘/𝑚𝑚2𝑠𝑠

𝑅𝑅𝑅𝑅 = 𝑚̇𝑚"𝐷𝐷
𝜇𝜇

= 1.18 � 105 > 2300 (turbulent)

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.023𝑅𝑅𝑅𝑅𝐷𝐷
⁄4 5𝑃𝑃𝑃𝑃0.4 = 251

Vertical 
tubes

𝑓𝑓 𝐹𝐹𝐹𝐹 1

ℎ𝑠𝑠𝑠𝑠 =
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘
𝐷𝐷

= 3318 𝑊𝑊/𝑚𝑚2𝐾𝐾

ℎ = 15496.7 𝑊𝑊/𝑚𝑚2𝐾𝐾

𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇𝑠𝑠 = 207 +
184000
15496.7

= 218𝐶𝐶

∆𝑇𝑇𝑒𝑒 = 11𝐶𝐶
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 Forced Convection Boiling 

 External

 Internal

Learning Objectives:
 Calculate heat flux and convection coefficient in forced convection boiling
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Jupyter Notebook
https://go.epfl.ch/ConvectionNotebook

Run -> Run All Cells

https://go.epfl.ch/ConvectionNotebook


Next Week
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 Condensation

 Laminar Film Condensation on a Vertical Plate

 Film Condensation on a Vertical Plate: Correlations

 Film Condensation on Radial Systems

 Correlations for Laminar Flow

 Overall Heat Transfer Coefficient

Learning Objectives:
 Understand condensation

 Calculate convection coefficient in selected cases
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